Thyroid cancer is the most commonly diagnosed endocrine cancer. Anaplastic thyroid cancer (ATC) is the most aggressive type of thyroid cancer and has a poor prognosis. Loss of p53 function has been reported to lead to poorly differentiated thyroid tumors; therefore, mutant p53 protein can be considered a crucial therapeutic target in patients with ATC. Sorafenib, a multi-kinase inhibitor, has been approved for the treatment of metastatic and differentiated thyroid cancer. Combined targeted therapy, including sorafenib, may be clinically significant for patients with ATC harboring p53 mutations. In the present study, CP-31398, a p53-restoring agent, was used to improve the therapeutic efficacy of sorafenib in SW579 cells, an ATC cell line harboring p53 mutations. The molecular function of CP-31398 was evaluated using western blot analysis and a luciferase reporter assay. The decreased viability of SW579 cells, following CP-31398 treatment, was augmented by sorafenib, and CP-31398 enhanced the antimitogenic effect of sorafenib; thus, sorafenib and CP-31398 synergistically inhibited the growth of SW579 cells. These results indicate a potential clinical application of CP-31398 for patients with ATC harboring p53 abnormalities, since these individuals generally respond poorly to sorafenib alone.
Introduction
Thyroid cancer is the most commonly diagnosed endocrine cancer with ~60,000 new cases diagnosed in the USA in 2018 (1, 2) . Thyroid cancer is not restricted to a certain age group; however, its aggressiveness increases significantly with the age of the patient (2) . Anaplastic thyroid cancer (ATC) is the most aggressive type of thyroid cancer. The incidence rate of ATC has increased between 1973 and 2014, and is still associated with a higher risk of tumor progression and cancer metastasis (3) .
Normal p53 acts as a tumor suppressor gene that contributes to the prevention of tumor growth (4) . However, mutant p53 proteins may acquire oncogenic properties that promote tumor invasion, metastasis, cancer cell proliferation and survival (5) . Point mutations in p53 are frequently detected in 50-80% of ATC tissues (6) . Loss of p53 function has been reported to result in poorly differentiated thyroid tumors (6) . Hence, mutant p53 protein can be considered a crucial therapeutic target in patients with ATC (6) (7) (8) .
Several tyrosine kinase inhibitors (TKIs) have been used to treat advanced thyroid cancer, due to their ability to block kinases or kinase receptors (9, 10) . TKIs can either repress cell proliferation or attenuate the neoplastic transformation of thyroid cells (11) . For example, sorafenib, a multi-kinase inhibitor that acts predominantly through the inhibition of Raf-kinase and vascular endothelial growth factor receptor 2, has been approved for the treatment of metastatic and differentiated thyroid cancer (12, 13) . However, although sorafenib may be effective in the treatment of advanced medullary thyroid cancer, it is not effective against ATC with a poor survival rate (14, 15) . Combination treatments might improve outcomes in ATC (15) , which emphasizes that combined targeted therapy may be highly effective for advanced thyroid carcinomas (16) .
A large number of drug candidates, including small molecules or chemotherapeutic agents, have been identified or designed to rescue mutant p53 and reactivate its antitumor capacity through various mechanisms. For example, PRIMA-1 can restore active conformation of mutant p53 and PK7088 can upregulate p21 expression and apoptotic functions (7, 17) . In the present study, CP-31398, a stabilizing agent that restores the wild-type conformation of mutated p53 protein (18) , was used to improve the chemotherapeutic efficacy of sorafenib for p53-mutated ATC cells. The molecular function of CP-31398 was evaluated using western blot analysis and a luciferase reporter assay. Sorafenib and CP-31398 synergistically inhibited the viability of the SW579 ATC cell line. Furthermore, it was demonstrated that the combination of targeted therapy (with sorafenib) and CP-31398 potentially changed the characteristics of p53-mutant ATC cells.
Materials and methods
Cell cultures. SW579 cells that harbor p53 mutations were purchased from the American Type Culture Collection. The cells were cultured in Dulbecco's modified Eagle's medium (Lonza Group, Ltd.) supplemented with 10% fetal bovine serum (Greiner Bio-One International GmbH) and antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin; Lonza Group, Ltd.) at 37˚C and 5% CO 2 in a humidified atmosphere.
Western blot analysis. SW579 cells were seeded onto a 15-cm dish (at a density of 3.5x10 6 ) and treated with 0, 0.3 or 3 µM CP-31398 (cat. no. PZ0115; Merck KGaA) for 24 h and placed at 37˚C in a humidified incubator containing 5% CO 2 . Total cell lysates were prepared using radioimmunoprecipitation assay buffer (cat. no. R0278; Merck KGaA) and protease inhibitors (cat. no. P8340; Merck KGaA) on ice for 5 min. The protein concentration was determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Inc.). Proteins (30 µg) were separated on NuPAGE 4-12% Bis-Tris Gel (Thermo Fisher Scientific, Inc.) and transferred to polyvinylidene difluoride membranes (cat. no. IPVH00010; Merck KGaA). The membranes were incubated with primary antibodies at room temperature for 30 min for the following proteins: p21 (1:200; cat. no. 2947; Cell Signaling Technology, Inc.), Noxa (1:100; cat. no. ab13654; Abcam), p53 (1:200; cat. no. SC-126; Santa Cruz Biotechnology, Inc.) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:6,000; cat. no. AM4300; Thermo Fisher Scientific, Inc.). The membranes were subsequently incubated with secondary antibody at room temperature for 30 min. The secondary antibodies were: Biotinylated anti-rabbit IgG (1:1,000; cat. no. BA-1000; Vector Laboratories, Inc.; Maravai LifeSciences) for p21; biotinylated anti-mouse IgG (1:1,000; cat. no. BA-2000; Vector Laboratories, Inc.; Maravai LifeSciences) for Noxa and p53; and horseradish peroxidase-conjugated anti-mouse IgG for GAPDH (1:5,000; cat. no. ab6808; Abcam). The bands were then visualized using: Vectastain ABC-AmP Chemiluminescence Detection kit (cat. no. AK-6601; Vector Laboratories, Inc.; Maravai LifeSciences) for p21, Noxa and p53; and the Western Lightning Ultra-ECL (cat. no. NEL113001EA; PerkinElmer, Inc.) for GAPDH; both according to the manufacturer's instructions. Finally, images were acquired and protein bands were quantified by densitometric analysis using an Alpha Innotech FluorChem FC2 Imager (version 3.2.2; ProteinSimple). The relative protein levels were calculated and determined by normalizing their expression to that of the GAPDH internal control.
Change in viability of SW579 cells following CP-31398 treatment. The growth of SW579 cells was evaluated using MTT assay (cat. no. M5655; Merck KGaA). Firstly, SW579 cells were cultured at 1x10 4 cells/well in 96-well plates for 24 h. To calculate the half-maximal inhibitory concentration (IC 50 ) of CP-31398, the chemosensitivity of cells was determined following incubation for 24 h at 0, 1, 1.5, 2, 2.5, 3, 3.5 and 4 µM. To evaluate the efficiency of adjuvant therapy, SW579 cells were treated with 1 µM sorafenib (cat. no. 284461-73-0; ApexBio Technology) and 3 µM CP-31398 alone or combined for 72 h and cell viability was calculated using MTT assay. The cells were then treated with 10 µl of the MTT reagent, and incubated in the dark for 4 h. Dimethyl sulfoxide (100 µl) was subsequently added to dissolve the purple precipitate formed by the viable cells. The absorbance of each well at 540 nm was read by a Synergy HT Multi-Mode microplate reader (BioTek Instruments, Inc.). Data were obtained from three independent experiments.
Cell cycle analysis through image cytometry. The cell cycle analysis of SW579 cells was performed using a fluorescence image cytometer (NucleoCounter NC-3000; ChemoMetec A/S). SW579 cells were seeded in a 10-cm dish at a density of 1.1x10 6 cells per dish. Treatment with CP-31398, at concentrations of 0, 0.3 or 3 µM, was initiated 16 h following seeding. After a 72-h incubation, cells were harvested by trypsinization, loaded into a Via-1-Casette (ChemoMetec), and counted according to the manufacturer's instructions. Approximately 1.5x10 6 cells were suspended in 0.5 ml of phosphate-buffered saline (PBS), and fixed with 4.5 ml of 70% cold ethanol for at least 2 h. Subsequently, ethanol was removed, and the cells were resuspended in PBS. Cell pellets were harvested by centrifugation at 500 x g for 5 min at 4˚C and incubated with 0.5 ml DAPI solution [0.1% Triton X-100 and 4' ,6-diamidino-2-phenylindole (DAPI)] for 5 min at 37˚C. The stained cells were loaded into an NC-Slide A8 (ChemoMetec) and evaluated using a Fixed Cell Cycle-DAPI/DNA fragmentation assay protocol in the NucleoCounter NC-3000 image cytometer (ChemoMetec) (19) . The acquired DNA content histograms were used to distinguish cells at different stages of the cell cycle with the NucleoView NC-3000 software (version 2.1.25.12; ChemoMetec). Statistical analysis. Statistical analysis was performed using the SPSS software (version 13.0; SPSS Inc.). Numerical data are expressed as mean ± standard deviation. The Student's t-test was used for the analysis of two groups, and one-way analysis of variance with least significant difference for multiple comparisons was performed for determining the significance of differences between the various experimental groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Determination of the IC 50 of CP-31398 in p53-mutated ATC cells. CP-31398 inhibited the growth of SW579 thyroid cancer cells, an ATC cell line harboring p53 mutations (20, 21) . The IC 50 of CP-31398 in SW579 cells was determined 24 h after treatment with doses ranging from 0-4 µM. The potential inhibitory effect of CP-31398 on SW579 cells is shown in Fig. 1 . The concentration of 3 µM was chosen for the following experiments since it was closed to the IC 50 (~2.9 µM). Recent studies reported that CP-31398 restores the function of p53 and could be considered as a therapeutic strategy for p53-dysfunctional cancers, including cervical cancer or esophageal cancer (22, 23) . The present study demonstrated that CP-31398 restored the function of mutated p53 in SW579 cells. Firstly, 3 µM CP-31398 induced the promoter activity of the plasmid PG13-luc that requires wild-type p53 binding sites. As shown in Fig. 2 , CP-31398 significantly increased the luciferase activity from 572±26 RLUs in non-treated cells to 915±76 RLUs in treated SW579/PG13-luc cells (P<0.01). Secondly, SW579 cells treated with CP-31398 (3 µM) exhibited significantly increased protein levels of p21 and Noxa, which are p53-dependent proteins (Fig. 3A and B) .
CP-31398 induces apoptosis and G2/M cell cycle arrest in SW579 cells.
To determine whether the increased expression of p21 and Noxa in SW579 cells, following treatment with CP-31398, matched with the induction of apoptosis, the percentages of cells at each stage of the cell cycle were determined. The cell cycle distribution in SW579 cells was examined after treatment with CP-31398 at 0, 0.3 or 3 µM for 72 h. Treatment with 3 µM CP-31398 resulted in changes in cell cycle phases (Fig. 4A) . Results from Fig. 4B demonstrated an increased percentage of cells with sub-G1 DNA content (0 to 0.3 µM, +1.5%; 0.3 to 3 µM, +1.0%), a decreased percentage of cells at G1 phase (0 to 0.3 µM, -7.5%; 0.3 to 3 µM, -12.5%), and arrested cell cycle at the G2/M phase with statistical significance (0 to 3 µM, +3.5%; 0.3 to 3 µM, +13.5%; P<0.01).
Adjuvant therapy with sorafenib for thyroid cancer in the presence of CP-31398. Sorafenib has been used to treat different types of thyroid cancer (14, 24) . However, previous studies indicated that sorafenib has an IC 50 value of 1.7±0.2 µM against SW579 cells (25) . In the present study, 1 µM sorafenib did not effectively inhibit the viability of SW579 cells, however treatment with 3 µM CP-31398 inhibited their viability after 72 h incubation (Fig. 5) . Notably, combination treatment with 1 µM sorafenib and 3 µM CP-31398 for 72 h resulted in a significantly greater decrease in cell viability (18. Data (mean ± standard deviation) from 4-6 independent repeats are presented. The data was analyzed using one-way analysis of variance, followed by least significant difference post hoc test. ** P<0.01. +, cells with sorafenib or CP-31398 treatment; -, cells without sorafenib or CP-31398 treatment.
Discussion
Although rare, ATC is one of the most aggressive human malignancies, and most patients with ATC have a poor prognosis, with a rate of thyroid cancer-associated associated-mortality of almost 50% (26) . In addition, Liu et al also reported that the 2-year overall survival rate of patients with ATC was low (26.0%) in Asia (27) . In clinical settings, sorafenib provides sufficient tumor reduction to allow for thyroidectomy and radioactive iodine therapy in most types of thyroid cancer (12, 28) . However, Ito et al (14) reported that sorafenib appeared to be effective in the treatment of advanced medullary thyroid carcinoma but not ATC. Therefore, targeted therapy with sorafenib in combination with other drugs could be clinically effective for patients with ATC (15) .
In the present study, SW579 cells (carrying p53 mutations) were treated with a small-molecule agent CP-31398, which induces the desired phenotypic change (apoptosis and proliferation inhibition) in cancer cells with p53 mutations (29, 30) . CP-31398 caused notably decreased viability of SW579 cells (31) . Mutated p53 (mutations at codons 151, 152, 248 and 255) is frequently detected in endocrine tumors, including ATC (21) , and the DNA-binding domain of p53 in SW579 cells was defective due to a point mutation at codon 255 (Ile to Ser) (31) . In general, the DNA-binding ability and molecular function of p53 in SW579 cells improved when they were treated with CP-31398 (31). Xu et al (32) reported that CP-31398 treatment stabilizes the levels of mutant p53 and enhances p21 protein level in rhabdomyosarcoma. In the present study, the plasmid, PG13-luc, containing a p53-binding site in its promoter was reactivated following treatment with CP-31398 in SW579 cells. Secondly the protein expression levels of two p53-dependent proteins, p21 and Noxa, were increased. However, the level of mutant p53 did not increase in the CP-31938-treated SW579 cells. These data demonstrated that the molecular function of p53 was restored when SW579 cells were treated with the optimal concentration (3 µM) of CP-31398. It was hypothesized that the increased levels of p21 and Noxa contributed to the reduction in cell viability, by causing cells to arrest at the G2/M phase and inducing apoptosis (33, 34) .
Furthermore, the present study demonstrated the reduction in the viability of SW579 cells by CP-31398 treatment to be augmented by the addition of the targeted therapeutic agent sorafenib. Nevertheless, the antitumor activity of combined targeted therapy with sorafenib and CP-31398 must be further investigated using an in vivo xenograft model or a real-time image of orthotopic model (35, 36) .
In summary, the present study demonstrated that CP-31398 induces apoptosis and arrests the cell cycle at the G2/M phase in SW579 cells, by restoring the molecular function of p53. Notably, CP-31398 increased the antimitogenic effect of sorafenib, and the combination of these two agents synergistically reduced the viability of SW579 cells. Overall, the present study indicates a potential clinical application of CP-31398 for treating patients with ATC harboring p53 mutations, who generally respond poorly to sorafenib-only treatment.
